Introduction {#Sec1}
============

During the course of infection, *Mycobacterium tuberculosis* passes through a series of intracellular and extracellular locations, from alveolar macrophages to granulomatous lesions, where it is exposed to various types of stress. Mechanisms of adaptation to such environmental stresses are an important focus in mycobacterial research^[@CR1]^. The major experimental approach used to date has involved monitoring of transcriptional changes triggered by environmental perturbation or by gene disruption, alongside with systematic mapping of transcription factor binding sites^[@CR2]--[@CR4]^. This has led to a prevailing model in which adaptation is viewed as the consequence of a cascade of transcriptional signalling driving subsequent downstream changes to proteome and metabolome^[@CR2]^. The aim of the present study was to test this model by the integrated, time resolved analysis of transcriptome and proteome responses of *M*. *tuberculosis* during exposure to the well-defined and clinically relevant environmental stress induced by nitric oxide (NO).

Nitric oxide is an agent which generates a systems-level stress response through its broad reactivity with multiple macromolecules, thereby providing an opportunity for detailed analysis of connectivity between transcription and translation^[@CR5]^. Exposure to NO mimics the major microbicidal activity experienced by *M*. *tuberculosis* following uptake by mouse macrophages and represents a major component of the human immune response to *M*. *tuberculosis* ^[@CR6]^. Intracellular release of NO is also an important anti-mycobacterial mechanism of a class of nitroimidazole drugs currently in late-stage development for treatment of tuberculosis^[@CR7]^. Building on previously published models^[@CR8]--[@CR10]^, we set up an experimental system in which *M*. *tuberculosis* is exposed to NO at a concentration that causes transient arrest of cell growth over a 48-hour period. We compared the time resolved changes occurring at the level of the transcriptome and proteome and analysed the regulatory interactions to better understand *M*. *tuberculosis* survival to NO.

While we detected the anticipated programme of a transcription-driven response, translation of induced transcripts occurred over a time scale of several hours, with significant levels of new proteins becoming available only during the recovery phase of the stress response. We also observed direct and early changes to the proteome that were followed by compensatory transcriptional responses. Importantly, early changes in the proteome were driven by the degradation of damaged proteins containing iron-sulphur clusters, which are ubiquitous cofactors of enzymes composed of iron and inorganic sulphur. Overall, our results show that replacing the conventional transcription-driven model of mycobacterial adaptation by an integrated systems approach involving quantitative transcript and protein profiles, provides an improved understanding of the dynamic response of *M*. *tuberculosis* to acute stress.

Results {#Sec2}
=======

Responses to nitric oxide stress in *M*. *tuberculosis* occur on various molecular levels {#Sec3}
-----------------------------------------------------------------------------------------

To study the time resolved transcriptional and translational *M*. *tuberculosis* response from initial survival to eventual escape from NO stress, we exposed exponentially growing *M*. *tuberculosis* cells to a sub-lethal concentration of NO and followed the adaptive response over 48 hours. Consistent with previously published data^[@CR8]--[@CR10]^, addition of 1 mM diethylenetriamine/nitric oxide (DETA/NO) transiently arrested growth of exponentially growing *M*. *tuberculosis*, but the cells retained viability and resumed growth upon addition of fresh medium after 48 hours of NO challenge (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Samples were obtained from three replicate experiments and we sampled aliquots for transcriptome profiling by RNA sequencing^[@CR11]^ at 20 min, 2 h and 24 h and for mass spectrometry-based shotgun proteomics^[@CR12]^ at 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h and 48 h post NO exposure (Fig. [1A](#Fig1){ref-type="fig"}).Figure 1Impact of nitric oxide on the *Mycobacterium tuberculosis* transcriptome. (**A**) Diagram of the experimental procedure. Cultures were grown to mid-exponential phase and DETA/NO was added once at time point 0 to a final concentration of 1 mM. Samples for transcriptomic and proteomic analysis were harvested from the same cultures during a 48-hour time course at the indicated time points. All experiments were performed in triplicate. (**B**) Kinetics of transcript and protein changes in response to NO. Graph showing the percentage of significantly changing genes and proteins among the detectable transcriptome and proteome, respectively, in response to the challenge with NO. (**C**) Time course of transcriptional changes in response to NO. Volcano plots showing mRNA fold changes compared to time point 0 for all genes upon challenge with NO. Red corresponds to genes with \>1 log~2~ fold differential expression and adjusted P-value \< 0.01. Blue corresponds to genes with \<−1 log~2~ fold differential expression and adjusted P-value \< 0.01. (**D**) Transcriptional regulation in response to NO. Heat map of log~2~ fold changes for differentially expressed transcripts in response to NO grouped by relevant operons/regulons.

Exposure to NO in *M*. *tuberculosis* induced a stress response involving changes at transcript and protein level. Overall, we detected transcription of 3,286 genes (81.76% of the annotated genes) and identified significant changes in the expression of more than 1,200 of these genes, 705 being up-regulated and 559 down-regulated (adjusted P-value \< 0.01, absolute log~2~ fold change \>1) at one or more time points after challenge with NO compared to expression levels before exposure to NO (Fig. [1B](#Fig1){ref-type="fig"}, Supplementary Data [S1](#MOESM2){ref-type="media"}). Furthermore, shotgun proteome analysis detected over 1,400 proteins (Supplementary Data [S2](#MOESM3){ref-type="media"}) of which 123 were up-regulated and 140 down-regulated (adjusted P-value \< 0.01, absolute log~2~ fold change \>0.5) (Fig. [1B](#Fig1){ref-type="fig"}).

Nitric oxide stress triggers immediate changes in gene expression {#Sec4}
-----------------------------------------------------------------

Changes in transcript patterns occurred rapidly after exposure to NO. Within 20 min of NO exposure, the expression of 70 genes had significantly increased by a factor of at least two-fold (adjusted P-value \< 0.01; Fig. [1C](#Fig1){ref-type="fig"}, Supplementary Data [S1](#MOESM2){ref-type="media"}), 37 of which were members of the well-characterised DosR/DevR regulon encoding a set of \~50 protein chaperones and enzymes that contribute to maintenance of cell viability during transition to a non-replicating state (Fig. [1D](#Fig1){ref-type="fig"})^[@CR8],\ [@CR13],\ [@CR14]^. Additionally, the SUF operon (Rv1460-Rv1466) encoding enzymes required for assembly of iron-sulphur clusters^[@CR15]^ was up-regulated. While the activation of members of the DosR regulon was transient, with total reads mapping to DosR transcripts falling by almost 20% two hours after addition of NO, the SUF operon showed a more sustained transcriptional activation over the 24-hour time course (Fig. [1D](#Fig1){ref-type="fig"}, Supplementary Fig. [S2](#MOESM1){ref-type="media"}).

NO can act as a potent reversible inhibitor of aerobic respiration in bacteria^[@CR8]^. We found extensive evidence of restructuring of electron transport pathways in response to NO, both at the transcriptional and protein levels. For example, transcriptional activation of *ndh* (Rv1854c), encoding a non-proton pumping type II NADH dehydrogenase, was observed within 20 minutes of exposure to NO, though a significant rise in corresponding protein levels was detected only after 24 hours. Furthermore, there was evidence of transient transcriptional repression of the major succinate dehydrogenase operon (Rv0249c-Rv0247c)^[@CR16]^, as well as up-regulation of *cydABCD* cytochrome bd oxidase operon (Rv1620c-Rv1623c). Overall, these findings suggest interference of NO with the aerobic respiratory chain.

Later transcriptional changes reflected the state of the metal household. For example, two hours after exposure to NO, there was evidence of iron deprivation, resulting in the up-regulation of 17 (out of 49) members of the IdeR regulon^[@CR17],\ [@CR18]^. In contrast, the opposite response was seen for copper, with up-regulation of genes -- such as the *mymT* copper metallothionine^[@CR16]^ -- that are subject to repression by CsoR (Rv0967) and RicR (Rv0190) in the absence of free copper^[@CR19],\ [@CR20]^. De-repression of these genes could reflect an increase in free copper as a result of damage and repair of terminal oxidase heme-copper centres, or release of copper from some form of intracellular storage as recently described in *E*. *coli* ^[@CR21]^. The absence of altered expression of the Zur regulon^[@CR22]^ suggests that exposure to NO does not significantly disrupt zinc homeostasis.

Late transcriptional adaptation at the 24-hour time point featured differential expression of more than 900 genes where transcripts with increased abundance were linked to cellular recovery, including genes encoding DNA repair enzymes, such as the SOS-regulated DnaE2/ImuA'/ImuB low fidelity DNA polymerase^[@CR23]^, and replacement of a subset of the proteins subject to NO-induced degradation as described below (Fig. [1D](#Fig1){ref-type="fig"}).

Network analysis reveals key regulators of the transcriptional response to NO stress {#Sec5}
------------------------------------------------------------------------------------

To identify the transcription factors orchestrating the transcriptional responses of *M*. *tuberculosis* to the NO challenge in a more systematic way, we integrated our transcriptome-wide data with an existing regulatory network model. Specifically, we used the Environment and Gene Regulatory Influence Network (EGRIN) model^[@CR24]^, which describes clusters of co-regulated transcripts (modules) and corresponding transcription factors^[@CR3],\ [@CR4]^. The differentially expressed genes from our transcriptomic data set were mapped on the EGRIN modules for each time point^[@CR25]^ resulting in 13, 54 and 59 significantly enriched modules (adjusted P-value \< 0.01) at 20 min, 2 h and 24 h post NO exposure, respectively (Supplementary Data [S4](#MOESM5){ref-type="media"}). Next, the significantly enriched modules were linked to transcription factors, leading to the identification of 29 transcription factors associated with them in at least one time point (Fig. [2](#Fig2){ref-type="fig"}, Supplementary Data [S4](#MOESM5){ref-type="media"}). The main regulators, as determined by the highest numbers of linking modules, were Rv0081, Rv1049 and DosR (Rv3133c). Concordant with the rapid transcriptomic response observed for members of the DosR regulon, the transcriptional sub-network of DosR responded first, whilst the sub-networks of Rv0081 and Rv1049 increased in complexity progressively over the time (Fig. [2](#Fig2){ref-type="fig"}; Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Regulators of the transcriptional response to NO include both transcriptional activators and repressors, with DosR dictating mainly upregulation and Rv1049 mainly downregulation of the genes in their respective sub-networks, whereas Rv0081 acted both by activating and repressing gene expression (Fig. [2](#Fig2){ref-type="fig"}; Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Overall, the regulatory network of *M*. *tuberculosis* in response to NO shared similar key regulators to the hypoxia response network previously characterised (e.g., DosR and Rv0081)^[@CR2]^, however, we also identified regulators, such as the transcription factor Rv1049, that seem more specific to the NO response^[@CR26]^.Figure 2Module-centric view of the transcriptional regulatory network in response to nitric oxide stress. Heat map shows the adjusted and log~2~ transformed P-values for the association of a transcription factor with an EGRIN module. Red indicates that a given module is upregulated while blue indicates downregulated modules. White cells denote modules that did not meet the significance threshold to be considered enriched (adjusted P-value \< 0.01). For each of the three main transcriptional regulators of the NO stress response, a summary of the sub-networks over time is illustrated. Details such as gene, module and transcription factor names are available in Supplementary Fig. [S3](#MOESM1){ref-type="media"}.

Protein level response is significantly delayed compared to transcript level response {#Sec6}
-------------------------------------------------------------------------------------

A moderate correlation has been previously reported in exponentially growing cultures of *M*. *tuberculosis* between the levels of transcript and corresponding protein as measured by RNA sequencing reads and mass spectrometry ion counts^[@CR27]^. In the current study, we found a similar correlation between mRNA and protein levels prior to the NO stress, with a spearman correlation coefficient (r) of 0.38. This correlation between mRNA and protein levels progressively decreased during the NO time course (Supplementary Fig. [S4](#MOESM1){ref-type="media"}).

Although, mRNA transcript changes also partially correlated with protein changes during NO stress, the corresponding responses in the proteome occurred later with, for example, almost 20% of the transcriptome significantly changing after 2 hours compared to only three percent of the proteome (Fig. [1B](#Fig1){ref-type="fig"}). As illustrated in Fig. [3A](#Fig3){ref-type="fig"}, the immediate transcriptional response to NO stress with activation of the DosR regulon and the SUF operon is reflected on the level of proteins but delayed by several hours. In fact, while transcriptional activation of the early response genes peaked at 20 minutes, protein synthesis continued to increase over a 24-hour period. As discussed later, one important exception to this delayed protein synthesis was the iron-sulphur containing DosR-regulated protein FdxA (Rv2007c), that showed a sustained decrease in protein levels (represented as solid lines in the DosR Regulon panel in Fig. [3A](#Fig3){ref-type="fig"}). This delayed correlation between transcription and translation was also evident for the set of up-regulated proteins at 24 hours, with 40 (66%) of the up-regulated proteins associated with a statistically significant increase in the corresponding transcript levels but at earlier time points (Fig. [3B](#Fig3){ref-type="fig"}). Also, this delayed pattern between mRNA and protein levels was observable for down-regulated genes, for example in the case of ribosomal proteins (Fig. [3A](#Fig3){ref-type="fig"}, Ribosomal proteins panel). Overall, even though transcript levels were rapidly responding to NO stress, corresponding changes in protein levels manifested only hours after, suggesting that the rapid transcriptional activation is unlikely to play a primary role in the immediate response of *M*. *tuberculosis* to the NO challenge.Figure 3Role of transcriptional regulation for protein abundances during nitric oxide stress. (**A**) Line plots showing changes in transcript (orange) and protein (black) abundances over time in response to NO. The first panel shows the delayed induction of DosR proteins compared to the rapid transcriptional activation. The discordant response observed for FdxA (containing an iron-sulphur cluster) is highlighted with full lines. The second panel shows the delayed induction of proteins from the SUF operon. The third panel shows the delayed decrease in abundance of ribosomal proteins. The fourth panel shows the discordant response observed for proteins containing iron-sulphur clusters. In all panels, fold changes have been normalised so that the maximal and minimal fold change are 1 and minus 1, respectively. (**B**) Global dynamics of protein up-regulation and down-regulation in response to NO. Heat map shows the correlated dynamics of protein up-regulation and down-regulation with mRNA transcripts for the set of proteins with significant altered abundance 24 hours after exposure to NO. Black coloured cells indicate a significant change of protein abundance compared to time point 0 (log~2~ fold change \>0.5; adjusted P-value \< 0.01); white cells denote measurements that did not meet this threshold for differential expression. Right panels show the expression pattern at the mRNA transcript level. In this case, differentially expressed genes were called when log~2~ fold change \>2 and adjusted P-value \< 0.01 with significant changes indicated by orange coloured cells.

Targeted degradation of iron-sulphur cluster proteins in response to NO {#Sec7}
-----------------------------------------------------------------------

In general, the correlation between transcription and translation was lower in the case of down-regulated proteins at 24 hours compared to the set of up-regulated proteins previously mentioned (Fig. [3B](#Fig3){ref-type="fig"}). Down-regulation of 29 (33% of the down-regulated proteins at 24 hours) proteins, including ribosomal proteins, was preceded by a corresponding response in the transcriptome (Fig. [3A and B](#Fig3){ref-type="fig"}). Interestingly, the list of proteins with decreased abundance at 24 hours in the absence of a transcriptional change included 22 proteins predicted to contain iron-sulphur clusters, that are needed for proper enzymatic activity (Supplementary Data [S3](#MOESM4){ref-type="media"}). As highlighted earlier, the discordant response between transcription and translation is particularly striking for the DosR-regulated ferredoxin FdxA (Rv2007c), containing one 4Fe-4S ferredoxin-type domain and whose transcript levels were strongly induced in response to NO but for which protein levels fell below the detection limit at 48 hours (Fig. [3A](#Fig3){ref-type="fig"}). Given the absence of change in transcript level, decreased abundance of iron-sulphur cluster proteins is likely to represent active degradation rather than decreased synthesis. Iron-sulphur clusters are known to be susceptible to attack by NO, generating potentially lethal long-lived dinitrosyl iron complexes (DNICs)^[@CR28]^. Degradation of damaged iron-sulphur cluster proteins and export of DNICs represents a potential defence mechanism that is consistent with the observed proteome changes and with transcriptional evidence of iron deficiency and prolonged activation of the SUF operon required for regeneration of iron-sulphur clusters. We also looked at the effect of NO on other reported NO targets, such as hemoglobins^[@CR29]^, cytochrome c oxidase^[@CR30]^ or enzymes containing thiol groups^[@CR31]--[@CR33]^, however, we did not detect any evidence of a similarly striking degradation of these other classes of proteins, suggesting that the interaction of NO with these targets is reversible.

In summary, these findings support the notion that many cellular processes in response to NO stress are not accurately reflected by transcriptional changes alone and that it is important to include measurements at different molecular levels to obtain a complete and accurate picture of the bacterial response to stress.

Discussion {#Sec8}
==========

In the present study, we found that exposure of *M*. *tuberculosis* to NO induces a systems-level stress response involving a complex time course of changes in RNA and protein levels. Transcriptional responses measured by RNA sequencing recapitulated the central features previously documented by microarray profiling^[@CR8]--[@CR10]^, with prominent up-regulation of the DosR regulon, disruption of iron metabolism, and reduced expression of ribosomal protein genes. By integrating data obtained from RNA sequencing with peptide mass spectrometry we were able to monitor the impact of transcriptional adaptation on the proteome. Comparison of up-regulated transcript-protein pairs demonstrated a strong qualitative correlation, but occurring over widely different time scales. While we observed rapid transcriptional up-regulation within 20 minutes of exposure to NO, translation into protein product occurred over a prolonged 24-hour time course. This is distinct from the conventional model of bacterial gene expression in which ribosomes attach to transcripts as they emerge from RNA polymerase, with transcription and translation following similar kinetics. A similar delay in protein production has also been described in bacteria^[@CR34]--[@CR36]^, yeast^[@CR37]--[@CR39]^ and mammalian systems^[@CR40]^ outside steady-state conditions, highlighting the relevance that this mechanism may play during adaptation to dynamic processes. In the particular context of adaptation to NO in *M*.*tuberculosis*, a consequence of a slower translation is that the transcriptionally induced protein changes will be unable to influence the bacterium's response to the primary challenge, but may contribute to late-stage recovery and to subsequent NO exposure resulting from sequential rounds of host cell lysis and re-phagocytosis. This would suggest that the functional biology determining survival or death depends on more rapid adjustments occurring below the radar of transcription-driven adaptation. Application of an analogous systems-based approach to study the response of *M*. *tuberculosis* to lower doses of NO, resembling the ones *M*. *tuberculosis* faces during infection, as well as other stress stimuli; will be important to address whether the delayed translation is a general phenomenon for slow-growing *M*. *tuberculosis* or a specific aspect of the response to NO.

A second novel finding is the observation of targeted protein degradation in response to NO. This had the most dramatic impact on proteins with iron-sulphur clusters and may reflect an important mechanism to avoid accumulation of potentially lethal dinitrosyl iron complexes resulting from NO attack. A requirement to clear damaged proteins may explain the enhanced sensitivity to NO observed for proteasome mutants of *M*. *tuberculosis* ^[@CR41]^. One consequence of this phenomenon is an inverse correlation between mRNA and protein for a subset of genes; an example is the increased abundance of *fdxA* transcripts but decreased abundance of FdxA protein. NO is also known to nitrosylate protein thiol groups^[@CR31]^. However, we did not detect decreased abundances of proteins belonging to the S-nitroso proteome suggesting that, in contrast to iron-sulphur cluster proteins, repair of nitrosylated thiol groups does not involve protein degradation.

Overall, our data suggest that an adaptive response driven by transcriptional regulation is unlikely to determine the immediate survival of *M*. *tuberculosis* exposed to acute stress. Post-translational modification, including protein degradation, and allosteric regulation of enzyme function provide the potential for more rapid responses that are likely to be at least as important as transcriptional regulation. Therefore, integrated analyses including different classes of biomolecules are required to obtain a better understanding of the biology of infection and enhance the discovery of drugs with novel mechanisms of action.

Methods {#Sec9}
=======

Culture conditions and sample generation {#Sec10}
----------------------------------------

*Mycobacterium tuberculosis* H37Rv (SysteMTb) was grown in Middlebrook 7H9 medium supplemented with 0.4% glycerol, 0.085% NaCl, 0.5% BSA and 0.05% Tyloxapol in roller bottle culture (2 rpm at 37 °C). For nitric oxide experiments, cultures were grown until mid-exponential phase and Diethylenetriamine/nitric oxide adduct (DETA/NO, Sigma) was added to a final concentration of 1 mM. Samples for transcriptomic and proteomic analyses were harvested from the same cultures. Experiments were performed in triplicates. All work involving live *M*. *tuberculosis* was performed in a dedicated Biosafety Level 3 (BSL 3) laboratory.

Transcriptomics {#Sec11}
---------------

For transcriptomic analyses, samples were harvested immediately before addition of nitric oxide and 20 minutes, 2 and 24 hours after nitric oxide addition. For each sample, 25 mL of culture were spun down and isolation of RNA was performed using the FastRNA Pro blue kit from QBiogene/MP Bio according to manufacturer's instructions. All RNA samples were treated with Turbo DNase free (Ambion) until any DNA contamination removed. Concentration and quality control of RNA samples was measured by Nanodrop (ND-1000, Labtech) and Agilent RNA chip (2100 Bioanalyser).

For construction of directional RNA-seq libraries, Ribo-Zero™ and ScriptSeq™ v2 Kits (Epicentre) were used. Briefly, 5 µg of total RNA were used for ribosomal RNA removal using the Ribo-Zero rRNA removal kit (Gram-Positive Bacteria) following manufacturer's instructions. 50 ng of Ribo-Zero-treated RNA were used to construct cDNA libraries for RNA sequencing using the ScriptSeq™ v2 Kit. RNA-seq libraries were sequenced as single-end reads on an Illumina HiSeq 2000 sequencer.

Raw reads were first filtered to discard low quality reads. FastQC (Babraham Bioinformatics) was used to inspect read base quality scores. Poor quality read bases were trimmed using the SolexaQA package^[@CR42]^; default parameters were used, trimming bases with confidences p \> 0.05, and removing reads \<25 bases. Reference based mapping using the reference genome of *M*. *tuberculosis* H37Rv \[EMBL:AL123456\] was performed with BWA^[@CR43]^. Genome coverage, defined as number of reads mapped per base of H37Rv genome, was calculated using BEDTools^[@CR44]^. Normalised reads for each library were computed using DESeq2^[@CR45]^. For the identification of background levels of expression within each library, the distribution of log~2~ normalised reads across the libraries was plotted. Plotting of log~2~ normalised reads followed a Poisson distribution and the 10^th^ percentile of normalised reads was used as a cut-off for gene expression.

For differential expression analyses, genome coverage of reads mapping to genes were used for statistical testing using DESeq2^[@CR45]^, a method based on the negative binomial distribution and implemented in the R statistical environment. Differentially expressed genes were considered when fold changes were greater or equal than two-fold and the corresponding adjusted P-value was less than 0.01. To model the transcriptional data, we used the EGRIN model^[@CR24]^. We tested differentially expressed genes (fold change \>2, P-value \< 0.01) for enrichment in the EGRIN modules with the hypergeometric test. Significantly enriched modules (Benjamini-Hochberg adjusted P-value \< 0.01) and the predicted regulating TFs based on the ChIPSeq and TFOE data were reported as the results of the model^[@CR3],\ [@CR4]^. Thereafter, we estimated false discovery rate of the identified TFs using a scrambled transcriptional dataset. To generate the scrambled dataset, the gene names of the transcriptomic dataset were shuffled and none of the EGRIN modules were enriched significantly.

Proteomics {#Sec12}
----------

For proteomic analyses, samples were harvested from the same triplicate cultures immediately before addition of NO and 20, 40 minutes, 1, 2, 4, ﻿8, 12, 24 and 48 hours after NO addition. For each sample, 25 mL of culture were spun down. Bacterial cell pellets were dissolved in lysis buffer containing 8 M Urea and 0.1% RapiGest (Waters) in 0.1 M ammonium bicarbonate buffer and were disrupted by applying two 40-second cycles with FastPrep®-24 (MP Biomedicals). Protein concentration was determined using a BCA assay according to manufacturer's protocol (Thermo Fisher Scientific). Protein disulfide bonds were reduced by tris(2-carboxyethyl)phosphine (TCEP) and the resulting free cysteine residues were alkylated by iodoacetamide. Excessive iodoacteamide was captured by addition of N-acetyl cysteine. Extracted protein samples were diluted with ammonium bicarbonate buffer to reach a urea concentration of \<2 M and then digested with sequencing-grade modified trypsin (Promega). To stop the tryptic digest and to precipitate RapiGest the pH was lowered to 2 using 50% trifluoro acetic acid (TFA). Water-immiscible degradation products of RapiGest were pelleted by centrifugation and the cleared peptide solution was desalted with C18 reversed-phase columns (Sep-Pak Vac C18, Waters), dried under vacuum, and re-solubilised to a final concentration of 1 mg/ml.

One µg of each peptide sample was analysed on a nano-LC system (Eksigent Technologies) connected to an LTQ Orbitrap XL mass spectrometer equipped with a nanoelectrospray ion source (Thermo Fisher Scientific). Peptides were separated on a fused silica microcapillary column (10 cm × 75 µm, New Objective) packed in-house with C18 resin (Magic C18 AQ 3 µm diameter, 200 Å pore size, Michrom BioResources) with a linear gradient from 95% solvent A (2% acetonitrile/0.1% formic acid) and 2% solvent B (98% acetonitrile/0.1% formic) to 35% solvent B over 90 min at a flow rate of 300 nl/min. The data acquisition mode was set to obtain one MS1 scan in the orbitrap at a resolution of 60,000 full width at half maximum followed by collision induced dissociation of the five most abundant precursor ions with a dynamic exclusion for 30 s. MS2 spectra were acquired in the linear ion trap.

Thermo raw files were converted into mzXML format using ProteoWizard^[@CR46]^. The acquired MS2 spectra were searched with OMSSA^[@CR47]^ and XTandem^[@CR48]^ against an *M*. *tuberculosis* H37Rv protein database (TubercuList v2.6) additionally containing reversed sequences of all proteins in the database. Search parameters were as follows: semi-tryptic peptides (proteolytic cleavage after lysine and arginine unless followed by proline) and maximally one missed cleavage were allowed, mass tolerance for the precursor ions was set to 15 ppm and for the fragment ion to 0.4 Da. Carbamidomethylation at cysteines was set as a fixed modification. The output of the search engine was processed using PeptideProphet and iProphet as part of the TPP^[@CR49],\ [@CR50]^. Only peptides at a false discovery rate of less than 1% were taken into consideration for further analysis. For MS1-based label-free quantification the openMS framework was used^[@CR51]^. Signals were normalised on peptide feature level such that the median signal in each sample is the same, assuming that the amount of total protein per cell does not change significantly during the experiment. Abundances of the three most intense peptides per protein were averaged to get a protein abundance value. The same peptides were used for protein quantification across all samples and proteins with less than three peptides were included; in cases where only a single peptide per protein was detectable, the value of that peptide was taken as a protein value. For relative quantification (i.e. fold changes compared to time point 0), the R package MSstats^[@CR52]^ was used. All peptide precursors with missing values in more than 9 out of the 30 samples were removed before analysis. MSstats was run using fixed effects models to determine fold changes and P-values. P-values were corrected for multiple testing with the Benjamini-Hochberg method.

Data availability {#Sec13}
-----------------

The transcriptomic data that support the findings of this study is available in ArrayExpress (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-5557. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE^[@CR53]^ partner repository with the dataset identifier PXD006039.
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